The Standard Model electroweak vacuum has been found to be metastable, with the true stable vacuum given by a large, phenomenologically unacceptable vacuum expectation value ≈ M P . Moreover, it may be unstable in an inflationary universe. Motivated by the necessity of physics beyond the Standard Model and to accommodate non-zero neutrino masses, we investigate vacuum stability within type-II seesaw and left-right symmetric models. Our analysis is performed by solving the renormalisation group equations, carefully taking into account the relevant threshold corrections. We demonstrate that a phenomenologically viable left-right symmetric model can be constructed by matching it with the SM at one-loop. In both models we demonstrate the existence of a large area of parameter space where the Higgs vacuum is absolutely stable.
Introduction
The discovery of a Higgs particle with mass m h ≈ 125 − 126 GeV [1, 2] has sparked a resurgence of interest into the stability of the electroweak/Higgs vacuum. Under the assumption that the new particle is the Standard Model (SM) Higgs boson, the most accurate analysis of electroweak vacuum stability in flat spacetime was performed in [3] . Stability of the Higgs vacuum appears to have strong dependence on the top quark and Higgs boson masses (m t and m h respectively) with the electroweak symmetry breaking vacuum found to be in a metastable region of m t − m h parameter space at a confidence level of 98%.
With this conclusion in mind, it is worth understanding exactly what is meant by 'metastability'. Given a scalar field theory with potential bounded from below, one finds the relativistically invariant vacuum state by first minimising the classical potential, with the field vacuum expectation value (VEV) corresponding to the minimum of the potential. Then one needs to confirm that quantum corrections to the classical potential do not significantly alter the vacuum state obtained at the classical level. Upon quantisation, all coupling constants λ i become scale-dependent effective running constants that satisfy the renormalisation group equations (RGEs). By associating renormalisation scale µ with the field value: µ ≈ |φ|, the couplings are considered functions of φ: λ i = λ i (φ). If, over the entire range of the running, the global minimum is the same as that of the classical potential, then the vacuum state is absolutely stable. For example, the electroweak vacuum is absolutely stable in the SM if the Higgs quartic coupling, λ, is positive up to the Planck scale. On the other hand, if the Higgs quartic coupling runs negative at some µ I then the scalar potential will develop other deeper minima, with the point µ I at which this happens the instability scale.
If such an instability occurs, then even if, at some early time, φ attains a field value corresponding to the local minimum of the potential, it will inevitably decay into the deeper global minimum at some later time. If this decay time is greater than the age of the universe the vacuum state is metastable, if less than, then the vacuum is unstable. Thus, the concept of metastability is cosmological, and with this in mind, an analysis of the metastability bounds during inflation were performed in [4] (see also [5] for an earlier work with an alternative decay mechanism). Unless inflation takes place at sufficiently low scales, decay rates from false to true vacua were found to increase during inflation, with the region of metastable parameter space in [3] replaced by a region of unstable parameter space -the electroweak vacuum is either absolutely stable or not at all, and the only acceptable condition on the potential is that of 'absolute stability'. This may indicate the existence of new physics beyond the SM in an energy range from that currently probed at the LHC up to the instability scale µ I .
The presence of new physics modifies the Higgs potential at higher energies by changing the β-functions for the couplings, since we now include new particles running in loops when calculating radiative corrections. New bosonic particles provide a positive contribution to the running of the Higgs quartic coupling, whist new fermionic particles contribute negatively. Examples of this effect, as applied to the Higgs potential, were given in [6, 7] where the presence of an additional scalar singlet, introduced below µ I , was found to preserve positivity of the quartic coupling up to the Planck scale.
Whilst one can construct many different ad hoc new physics models to resolve the vacuum stability problem [8] [9] [10] [11] [12] [13] [14] , we believe that models addressing other SM problems deserve primary consideration. In fact, empirically, we have firmly established evidence for physics beyond the SM: neutrino oscillations (and hence neutrino masses), dark matter and matter-antimatter asymmetry. Additional theoretical considerations based on the naturalness principle, such as the strong CP problem and the gauge hierarchy problem, also provide a hint of new physics beyond the SM. Amongst this evidence, neutrino mass is perhaps the most compelling, from a purely phenomenological point of view. Therefore, in this paper we analyse the effect of some models of neutrino mass generation upon stability of the Higgs vacuum.
The rest of the paper is organised as follows. In the next section we briefly discuss the running of the Higgs quartic coupling in the SM and possible new physics which may affect this running at high energies. In Sec. 3 and 4 we present a thorough study of vacuum stability in the type-II seesaw and left-right symmetric models. Finally, in Sec. 5 the reader can find our conclusions. In Appendix A we provide details of the matching between MS and pole masses for the Higgs boson and top quark and values of the gauge couplings at the electroweak scale, while the relevant RGEs and β-functions are collected in Appendices B, C and D.
Higgs vacuum stability and physics beyond the Standard Model
As we discussed above, the Higgs vacuum stability problem may be an indication of a new physics beyond the SM. In order to discuss the kind of new physics which might be responsible for stabilisation of the Higgs vacuum, let us consider the one-loop β-function for the Higgs self-interaction coupling within the SM:
The sign of the above β-function depends on the relative strength of the self-interaction coupling λ, the top-Yukawa coupling y t and the SU(2) L × U(1) Y gauge couplings g 2 and g 1 . The strength of these couplings are, in turn, defined through the Higgs boson mass, top-quark mass and masses of the weak gauge bosons, respectively, and according to the Higgs mechanism. In fact, y t (m t ) ≈ 0.94, g 2 (m t ) ≈ 0.65, g 1 (m t ) ≈ 0.36 and λ(m t ) ≈ 0.13 so that β λ < 0 around the electroweak scale. This drives the effective running self-interaction coupling λ to negative values at higher energies µ I ≈ 10 10 GeV (see Figure 1 ), rendering the electroweak vacuum unstable. Therefore, if new physics stabilises the electroweak vacuum it must enter into the game at energies below the instability scale, µ µ I . There are three distinct logical possibilities for such new physics: (i) Extensions that influence the Higgs self-interaction coupling at higher energies; (ii) Extensions that influence the top-Yukawa interaction coupling at higher energies; and (iii) Embeddings of the SU (2) L × U (1) Y electroweak gauge group into a wider group G that influences the electroweak gauge couplings at higher energies. Working within mass-independent subtraction schemes, such as the MS scheme, the behaviour of an effective coupling is modified by new physics in two ways. The first is a finite threshold correction that matches effective couplings at low and higher energies at a characteristic matching scale where the new physics kicks in. The second is a modification of the corresponding β-function by the new particles and interactions. Models with an extended Higgs sector are shown to be capable of resolving the vacuum stability problem due to the heavy scalar threshold effect [6, 7] or due to the extra positive contribution to β λ (2.1). Extra electroweak fermions may drive the (weak at low energies) g 1 and g 2 couplings to be strong enough to reverse the sign of β λ (2.1) from negative to positive at high energies. Other variations of these models have been discussed in [8] [9] [10] [11] [12] [13] [14] . However, to the best of our knowledge, other interesting options such as models with fermionic and/or gauge threshold effects have not been considered so far, and we will present such models below.
The observation of massive neutrinos through their flavour oscillations provides our prime motivation for new physics beyond the SM. The simplest mechanism for neutrino mass generation is the type-I seesaw model [15] [16] [17] [18] which introduces extra electroweak singlets of massive right-handed neutrinos. These neutrinos interact with ordinary neutrinos through the Higgs field, in a manner similar to that of the Higgs-top Yukawa interaction. Consequently, the only effect of these new particles upon vacuum stability comes from top Yukawa-type contributions to β λ . Therefore, the vacuum stability problem can not be resolved within the simplest type-I seesaw models, as demonstrated in [19] [20] [21] .
The type-III seesaw model [22] employs an electroweak triplet of fermions instead of the fermionic singlet of the type-I seesaw model. These fermions modify the running of the effective gauge coupling g 2 such that β λ (2.1) receives a positive contribution and changes its sign (to positive). For this to happen the triplet must be sufficiently light [23] [24] [25] , which undermines the prime motivation for the seesaw mechanism.
Finally, the type-II seesaw mechanism [26] [27] [28] [29] [30] introduces an electroweak triplet of scalars, which can be quite heavy. Here we have two effects that potentially solve the Higgs vacuum stability problem. One is a positive contribution to β λ from Higgs-scalar triplet interactions and the other is a finite threshold effect. All the previous studies [31] [32] [33] [34] , with the exception of [35] , considered only the first effect, which is significant for low scalar triplet masses. For heavy triplet scalar mass the finite threshold effect becomes more important and it cannot be ignored. The authors of Ref. [35] discuss the threshold correction, but do not implement it correctly and try to make it small under the false impression that the correction reduces the instability scale and are forced to explore a region of parameter space for which the couplings are non-perturbative. In our work we correctly implement the threshold correction at all scales, and in particular for large values of m ∆ , where it is non-negligible.
The seesaw mechanism can be extended to explain the mass hierarchies of quarks and charged leptons [36] [37] [38] . In these universal seesaw models, all the SM Yukawa couplings are just a low-energy manifestation of more "fundamental" Yukawa interactions involving additional fermions and bosons. Thus, above the relevant mass scale, the SM Yukawa couplings get modified by finite threshold effects and renormalisation group running. Particularly interesting are the left-right symmetric models with extended electroweak gauge group SU(2) L × SU(2) R × U(1) B−L [39] [40] [41] [42] [43] [44] . Here, the SM hypercharge gauge coupling g 1 and topYukawa coupling y t also receive threshold corrections once the SM is properly matched with the left-right symmetric model at high energies. We will demonstrate this within the 'alternative' left-right symmetric model (ALRSM) with a minimal scalar sector comprising of only SU (2) L and SU (2) R doublets of scalar fields. In previous studies either explicit left-right symmetry breaking or further extension of the scalar sector have been employed to overcome some phenomenological difficulties. We will show that the ALRSM is phenomenologically viable on its own and provides a framework for solving the vacuum stability problem.
3 Type-II Seesaw Model
The Model
In this section we would like to investigate vacuum stability in an extension of the SM which incorporates a minimal type-II seesaw mechanism for neutrino mass generation. We extend the scalar sector of the SM by adding a scalar SU(
, to the ordinary SM electroweak doublet, φ ∈ (1, 2, 1/2). The hypercharge is normalised so that Q = T 3L + Y . The most general renormalisable tree-level scalar potential is
The SM gauge group admits the following gauge invariant Yukawa interaction between the triplet and left-handed leptons
Note that the normalisation for this Yukawa coupling was chosen to agree with [47] , however we chose all other SM Yukawa couplings to be unnormalised. The potential (3.1), along with the VEV for the doublet φ = v EW / √ 2, admits a small but non-zero VEV for the triplet, ∆ = v ∆ v EW . As a result, small Majorana masses are generated by the Yukawa interaction (3.2)
The presence of a scalar triplet breaks the SU (2) custodial symmetry of the SM and thus modifies the ρ-parameter. Experimental bounds on ρ provide the constraint [45] v ∆ 1GeV.
.
Matching the SM with the Type-II Seesaw Model
As is well known, the RGEs take a particularly simple form in mass-independent subtraction schemes, such as MS. However, we pay a price for this convenience -high and low energy physics do not manifestly decouple. To circumvent this problem one must carefully match the high energy theory with a low energy effective theory at a relevant matching scale. To this end, we treat the SM as the low energy effective theory of the type-II model described above, with an effective Higgs quartic coupling, λ h , valid below the scale set by m ∆ . By integrating out the heavy scalar triplet in the tree-level approximation, we obtain the following relation between λ h and parameters in the potential (3.1) at the scale µ = m ∆
Boundary Conditions for the RGEs
To solve the RGEs we must define the relevant coupling constants at some given scale. The SM gauge coupling constants, g 1 , g 2 and g 3 can be taken from measurements at the Z-pole, whilst the top Yukawa coupling, y t , and Higgs quartic coupling, λ h can be inferred from top quark and Higgs boson mass measurements (see Appendix A for details). These five are the dominant SM couplings and we ignore the other SM couplings in our analysis. We evaluate these five SM couplings at the top pole-mass, m t and run the couplings from there. Above m ∆ we evolve all of the couplings according to the RGEs for the full theory, with λ h matched to λ by enforcing the discontinuous shift (3.5). Note that this threshold correction immediately increases the instability scale, since we run λ h from m t , ensuring it remains positive, then we switch to λ, the self-coupling for the full theory, which receives a positive correction thanks to (3.5) . For the full theory we use the one-loop β (1) i from [47] , and the two-loop β (2) i from the SM. We must also specify boundary conditions for all the couplings not appearing in the SMthe set {y ∆ , λ 1 , λ 2 , λ 4 , λ 5 , λ 6 } and the scale, m ∆ , at which we define these. Constraints on these arising from the condition of absolute stability of the type-II seesaw scalar potential will be discussed in the next section. However, at this point we should note that our choice of boundary values for the coupling constants should satisfy the stability conditions and also ensure that they remain satisfied over the entire running. In order to trust our RGEs we must ensure that perturbation theory does not break down, so for all dimensionless couplings, λ i we require λ i < √ 4π for both the boundary condition and over the range of the running. Boundary conditions for the coupling constants must also satisfy a set of phenomenological and theoretical bounds, as well as bounds set by the requirements of stability and perturbativity. The constraint on v ∆ (3.4) implies
So if the dimensionful coupling, λ 6 , is some multiple of the triplet mass:
This bound is only particularly relevant for low triplet masses, where, for example, with m ∆ = 1 TeV we find K 1T eV < 0.04. For larger m ∆ the bound coming from the ρ-parameter relaxes and λ 6 can be quite large. In this case λ can receive a large threshold correction (see (3.5) ). Then the bound on λ 6 coming from the requirement of perturbativity of λ becomes more stringent than (3.6).
Since we are working in a type-II seesaw scenario we would like light neutrinos! Given a choice of m ∆ , and taking into account the bounds on λ 6 from the ρ-parameter, we are able to get light neutrinos by taking the coupling y ∆ to be very small. Given a choice of m ∆ and with m ν ≈ 0.1eV we determine y ∆ from (3.3), which removes y ∆ as a free parameter of the theory.
The remaining dimensionless parameters in the full type-II model are free and not constrained by low energy observables, hence we have a rather large theoretical degeneracy. Since we do not aim to study the model in full phenomenological detail here, we make the simple and natural assumption that all the dimensionless couplings in the scalar potential are of the same order of magnitude. In fact, we take
This serves as a nice way to remove some more free parameters in the theory -the only input values are now the scale m ∆ , and the bound on λ 6 which arises from this choice of scale. From Figures 1a, 1b one can see that larger values of m t result in lower values of the instability scale. For the maximum reasonable top pole-mass, m t ≈ 175 GeV, the instability scale occurs at around 10 8 GeV, so we make this the maximum value for m ∆ .
Stability Conditions
Our primary objective is to find a set of boundary conditions for the coupling constants that result in an absolutely stable Higgs potential. In the SM the condition of absolute stability is equivalent to the requirement that the Higgs quartic coupling λ remain positive all the way up to the Planck scale. When we switch to the full type-II seesaw theory there are additional stability conditions, and also requirements for the absence of tachyonic modes. These conditions were derived in [48] , but the potential used there is of a different form to that in [47] . For the couplings in (3.1) the stability conditions are λ > 0, (3.9)
The conditions for the absence of tachyonic modes are
Whilst our choice of boundary conditions should satisfy these, they must also hold for all values of the running, so part of the analysis includes checking that these conditions hold all the way up to the Planck scale. Figure 2d , which shows how the perturbative bound of λ < √ 4π is violated if one chooses too large an initial value for λ 6 (whilst still satisfying phenomenological bounds as discussed in the previous section).
Solution to the RGEs
As we can see, there are two major contributions that determine the running of λ at high energies -one is the modification of the β-functions for scales µ > m ∆ and the second is the finite shift (3.5) due to the threshold correction at µ = m ∆ . The threshold correction depends on the ratio λ 6 /m ∆ and since λ 6 must always be positive for the absence of tachyonic modes (see (3.14)), we always have an improved stability bound in the model. The effect arising from modification of the β-function is more important for lighter triplet masses (TeV scale), as the modified running occurs over a greater distance whilst the bound on λ 6 from (3.6) means the threshold correction can only be small. However, for larger triplet masses, the threshold correction is the most important -the range of modified running is reduced, but the threshold correction can now be quite large. For mid-scale m ∆ ≈ 10 5 GeV models both effects contribute, with λ 6 relatively unconstrained. For small enough m ∆ and large enough λ 6 the sign of β λ changes and λ increases at high energies. This is demonstrated in Figure 2d where λ hits the Landau pole at µ ≈ 10 18 GeV.
We also verified the conditions (3.9)-(3.16). Figures 3a and 3b are examples of, respectively, the stability conditions and conditions for the absence of tachyonic modes, plotted over the range that the couplings run. These two particular examples ware chosen as they represent the worst cases over all the different possible boundary conditions. It's clear from the figures that these conditions are always met for any choice of initial values that also satisfy the phenomenological and theoretical bounds given above.
Alternative Left-Right Symmetric Model

The Model
The SM is a chiral theory in which parity is explicitly broken (for SU(2)) by hand. Left-right symmetric models are a class of models in which parity is restored as a symmetry of the full theory, and in which parity is then spontaneously broken [50] (for a nice review see [51] ). The gauge group of the left-right symmetric model is SU(
Fermionic representations are also symmetric under L ↔ R, so, as a necessity, right hand neutrinos are included in these models. Other than providing an explanation for parity breaking in the SM, the automatic inclusion of a right handed neutrino provides the main motivation for considering left-right symmetric models, with the type-I seesaw mechanism now a natural explanation for the large mass hierarchy between the neutrinos and charged leptons. In fact, the restoration of parity and inclusion of right handed neutrinos both come into play here, since the neutrino masses are related to the scale of symmetry breaking. Adopting the U(1) normalisation of the SM, (B-L) quantum numbers for any representation are determined via the relationship
The SM quarks and leptons, with the addition of a right handed neutrino, fit into the following representations of the left-right symmetric gauge group 
Since we do not observe any gauge bosons for the right handed gauge group the left-right symmetry must be broken, with M W R M W L . Current experimental bounds on the masses of Z R of M Z R 1.2 TeV [45] dictate that we must have a large hierarchy of scales between the breaking of left-right symmetry and the electroweak scale: v EW v R . In order to break the gauge group down to the SM one requires a set of scalars which will break SU(2) R ×U(1) B−L → U(1) Y . This symmetry breaking pattern is identical to that of electroweak symmetry breaking in the SM (SU(2) L × U(1) Y → U(1) EM .) so we break with two sets of complex scalars
The B-L charges of these doublets are unimportant at this point, but will be required later for the fermionic couplings. The scalar potential is
Analysis of the vacua of this potential shows that the potential is bounded from below if λ > 0 and σ > −2λ. In order to break L-R symmetry we simply require σ > 0, which, given the first condition, automatically satisfies the second. In this case we find v
and v L = 0. We need some scalar with a non-zero VEV to perform the job of the Higgs in the SM -there are two ways to proceed. The first option, most usually taken, is to add to the model a scalar bidoublet that attains a non-zero VEV, breaking the remaining SU (2) L symmetry, and which also couples to the fermions. This is usually referred to as the 'minimal' left-right symmetric model. The second option is to add no further scalars to the theory and hope that φ L attains a VEV via radiative corrections to the potential. If so, then it's possible for φ L to play the role of the Higgs. This is referred to as the 'alternative' left-right symmetric model (ALRSM) [39] . The scalars couple to the SM fermions, f i , via dimension five effective operators, which reduce to the SM Yukawa couplings below the scale v R when φ R attains it's VEV. Operators of the form y
result in Majorana masses for the neutrinos, whist
give Dirac masses. The full renormalisable theory contains extra vector-like fermionic states which, when integrated out, result in the operators (4.9) and (4.10). We know from the analysis of vacuum stability in type-II seesaw models that the presence of extra scalars acts to stabilise the Higgs potential, so we choose to pursue the ALRSM, since it contains the minimal leftright symmetric scalar content, and also includes extra fermions, thus representing a 'worst-case' scenario (in terms of vacuum stability) for this class of models. To reproduce, for example, the top-Yukawa coupling at low energy, we introduce two colour triplets of fermions, T iL , T iR with interaction terms
Similarly, each SM fermion, f i , has a vector-like partner, F i , transforming as
14) 15) with this list duplicated for each generation. These have masses
which, a priori, we have no reason to expect to be anything other than arbitrary. However, again looking at neutrino masses for some kind of motivation, we implement a universal seesaw mechanism [39] with the hierarchy of vector-like fermion masses the inverse of the chiral fermions in the SM
Tree Level Threshold Corrections
As we did for our analysis of vacuum stability in the type-II seesaw model, we will use the RGEs obtained from dimensional regularisation and the MS scheme. This requires us to work in the effective field theory picture, integrating out heavy particles at their mass threshold and matching couplings as we go. The tree level threshold corrections are as follows.
Gauge couplings
We match the gauge couplings when left-right symmetry is broken i.e. at v R . We chose the U(1) B−L normalisation to match that of the SM (see (4.1)). Thus, the relation between g R , g B−L and g 1 when SU(2) R × U(1) B−L → U(1) Y is exactly the same as the relation between g 2 , g 1 and e when SU(2) L × U(1) Y → U(1) EM in the SM. So the matching condition for g B−L is
since g R = g L = g 2 thanks to left-right symmetry. The SU (3) × SU(2) L symmetry is unbroken over the range of the running, so there are no matching conditions for g 3 or g L = g 2 . Since we work in MS, there are no corrections to the gauge couplings at a heavy fermion threshold (in fact, to all orders, not just at tree level).
Scalar couplings
The choice of normalisation for the quartic coupling in (4.8) differs from that in the SM by a factor of two, so at the first heavy particle threshold after the top quark, we must take
where λ h is the quartic coupling for the Higgs in the SM. There are no threshold corrections to λ arising from integrating out a heavy fermion at tree-level, but we find a non-trivial matching condition from integrating out the heavy right handed scalars. To integrate out the heavy physical field we first shift the right handed scalar field by it's VEV 20) then take the unitary gauge, in which case the potential reads
The idea is to match the low energy limit of this scalar potential with that of the Higgs sector of the SM at the mass ( √ 2m) of the field being integrated out, H. Since we do not observe the right handed scalars, or a set of SU(2) R gauge bosons, we must have a large hierarchy of scales between the left and right handed sectors of the model, the simplest way to achieve this is to simply set σ λ. After integrating out H we find At √ 2m we would like to match these couplings with those of the scalar sector defined below the mass threshold (in unitary gauge) 23) leading to λ ef f ≈ −2σ. Now we seem to have a problem. Recall that to achieve the asymmetric vacuum state we need σ > 0, but we require λ ef f > 0 for a stable Higgs vacuum so, at tree-level, the low energy limit of the scalar sector of this left-right symmetric model cannot be consistently matched with the Higgs sector of the SM. However, since we are working in the limit σ λ it is possible that radiative corrections to the potential (4.21), arising from interactions between h and the heavier fields, may dominate in the final expression for the potential. In the next section we will calculate the one loop effective potential for the theory for two reasons -firstly, to see if our model can be matched to the SM at one-loop and secondly, to see if it is possible to generate a non-zero VEV for the SU (2) L scalars via radiative corrections.
Yukawa couplings
Integration over scalar fields does not affect the Yukawa couplings, so we do not need to worry about matching these at the mass threshold of the heavy right handed scalar. At each heavy fermion threshold the story is different -below the scale M i we integrate out the i'th vector-like fermion, F iJ (J = L,R) resulting in a matching condition for the Yukawa couplings. Under the assumption of a vanishing Cabbibo angle we have
Thus, we match the Yukawa couplings at µ = M F i as
One Loop Effective Potential
It turns out that one loop matching of our model with the SM electroweak theory is only possible with heavy fermions in the theory, but we have exactly this with the vector-like (4.12). However, there are two competing conditions to worry about, those of matching and vacuum stability -below we will see that consistent matching of our model with the GWS theory can only occur if the Yukawa couplings in the full theory are large, but not too large, otherwise this destabilises the vacuum. We neglect the contribution to the effective potential coming from the right handed gauge bosons since we find it, numerically, to be much smaller than the fermionic contribution at the scales concerned. When we come to the calculation of the threshold corrections we will match the one-loop one light particle irreducible (1LPI) effective action for the light field in the full theory:
, with the one-loop one particle irreducible (1PI) effective action for the light field in a low energy effective theory in which the heavy field does not appear:
I.e. we match by choosing our renormalisation conditions for the low energy theory such that
The threshold conditions appear as finite terms in the renormalisation of the tree-level couplings which are not accounted for in the matching of the one-loop parts of the effective actions for the low and high energy theories. 
We want the threshold correction to the scalar quartic coupling, arising from integrating out the heavy right handed scalar at the scale √ 2m. Since we include fermions, we will find that, at the one loop level, there is wavefunction renormalisation for the scalar fields. However in the full theory, the one loop corrections to the light scalar propagator, with fermions in the loop, are the same as those found for the low energy theory (only at two loops do we find some difference between the sets of diagrams) since the fermionic content for the two theories being matched (at the scalar threshold) is the same. Thus, at the one loop level, we can match non-kinetic terms in the effective action, i.e., we compare the effective potentials to find the threshold correction to the quartic coupling.
(4.28)
Following [53] the one loop contribution to the scalar effective potential, coming from scalars and fermions, obtained from dimensional regularisation and renormalised in the MS scheme is
where M i (h, H) is the field dependent mass of the i'th particle (in the basis in which the mass matrix is diagonal), coupled to H and/or h, with these fields at their respective VEVs. D i is the number of degrees of freedom for the i'th particle. After integration over H, the removal of all non-renormalisable terms and all terms of higher than linear order in σ, we find the scalar mass (squared) eigenvalues
As mentioned at the beginning of this section, we need to be careful with the size of the Yukawa couplings in the theory. If we set the vector-like fermion masses too low, the Yukawa couplings are suppressed by the matching condition (4.25) and turn out to be too small to match the quartic coupling consistently. On the other hand, if we set the mass of the lightest vector-like fermion, M T to be greater than v R then we find that the Yukawa couplings are too large and the electroweak vacuum is unstable. Numerically, we find the only solution is to set
Since the hierarchy of masses is set by (4.17) M T cannot be too small, otherwise some of the other vector-like fermions would be less massive than v R . Then the only significant fermionic contribution to the threshold correction at √ 2m comes from the Yukawa coupling, y t , between the top quark and it's partner vector-like fermion, T , since this is the the only Yukawa coupling of order one at m ≈ v R . In this case the fermion mass eigenvalues are
With (4.30), (4.31), (4.32) and (4.33) in (4.29) we obtain the one-loop effective potential
One Loop Matching Condition
We now match terms in the effective potential (4.34) with those from the effective potential of a low energy effective theory, valid between M T < µ < √ 2m, and which follows from the Lagrangian with tree-level potential (in unitary gauge again)
We find the mass (squared) eigenvalues from the Yukawa mass matrix . Thus, the one loop effective potential for the effective theory is
Matching (4.34) with (4.38) we obtain the threshold correction to the quartic coupling
with the effective coupling λ ef f required to be positive. The quartic coupling also receives a threshold correction each time we integrate out a heavy fermion, however, these corrections are always suppressed by a loop factor and, as mentioned above, the tree level matching at a fermion threshold is λ ef f = λ. Thus, we ignore loop threshold corrections to λ at heavy fermion thresholds.
To summarise, when we solve the RGEs we will match the couplings as follows: at each heavy fermion threshold, M F i , the only coupling to receive a threshold correction is y f i , according to (4.25) . At the right handed scalar threshold, √ 2m, the only coupling to receive a threshold correction is λ, according to (4.39) . Finally, at v R we match the gauge couplings using (4.18)
Minimisation of the Potential
Before solving the RGEs, we need to check that the effective potential (4.34) now has a minimum for h = 0. Note that, to one loop order, the potential (4.34) (obtained by solving ∂Vt ∂H = 0 at tree level) agrees with the one obtained by calculating the full effective potential for h and H, and then solving [52] . In our small σ limit the potential depends mainly on y T and λ, so we now drop all terms in σ in the effective potential. Also, we will find M T m 2 y enabling us to remove M T . In addition, we expect radiative corrections to give only a small correction to h ≡ h, and so we also drop factors of h/m to find the transcendental equation
we find
For this choice of µ we find that the extremum in V (h) is a minimum, and numerically we find that h ≡ v EW is many orders of magnitude smaller than v R , as expected.
Solution to the RGEs
Since we're working with the RGEs obtained from dimensional regularisation in the MS scheme, we require to a set of β-functions for each effective field theory in the range of the running (from the electroweak scale up to M P ). Here, the SM RGEs are solved to two loops and all other RGEs to one loop order. Unusually for this type of analysis, we have chosen to run the Yukawa couplings for the b and c quarks and the τ because the relations (4.25) and (4.17) make the Yukawa coupling y F i of order y T at the particle threshold M F i , so we must include their contribution to the running of λ. Since the vector-like fermion masses follow a hierarchy inverse to that of their SM partners, the lightest, in order of increasing mass, are T, B, τ , C and we include the Yukawa couplings for these in the running. The S does not appear until a couple of orders of magnitude later than the τ and C, and too close to the Planck scale to affect the running of λ greatly, so we ignore the Yukawa coupling for this and any heavier fermions. As a (happy) consequence of staggering the fermion masses in this way, we also find that the β-function for g B−L is not increased too greatly by the additional (B − L) charge of all the extra fermionic states, and we avoid a Landau pole that we would have otherwise run into if all the extra fermions had M F i ≈ v R . The β-functions for each effective theory, starting with the SM and finishing with the full theory, appear in appendix D.
Boundary conditions (at the electroweak scale) for the couplings g 1 , g 2 , g 3 , λ h and y t can be found in Appendix A, whilst those for y b , y τ and y c are approximated by We match all couplings in the θ-approximation. λ is matched with λ ef f at µ = √ 2m, in which case one sees from (4.39) that, in order to obtain a real and positive λ, we must have λ ef f very small and y t a reasonable size. As a consequence, we find that matching is only possible if we set the heavy right handed scalar threshold just below the instability scale and M T an order of magnitude further below at most. Also, as mentioned above, if y T is too large the vacuum becomes unstable, so we find a relatively small window of opportunity for M T and √ 2m:
Taking into account the above, we find it possible to rescue stability of the electroweak vacuum in the ALRSM.
Solutions to the RGEs for a particular set of parameters are depicted in Figure 4 . We can account for various different positive contributions to β λ in this example. Firstly, a threshold correction arising from the matching of the U(1) Y and U(1) B−L gauge couplings at the scale of left-right symmetry breaking, v R (see (4.18) ), increases the value of the Abelian gauge coupling (see Figure 4a) , and hence gives an increased positive contribution to β λ at high energies, µ > v R . At the same time the threshold correction to λ at µ = √ 2π ≈ v R from integrating out the right scalar doublet φ R (see (4.39)) significantly increases λ. Finally, additional contributions to β λ from φ L − φ R interactions above v R render λ increasing at high energies. Hence, the development of vacuum instability is avoided as can be seen in Figure 4c . Note, however, that even though matching of the top Yukawa coupling with y T decreases the coupling above the matching scale µ = M T since M T < v R (see (4.25) ), other Yukawa couplings are increased by the same process, since we assume a 'natural' seesaw hierarchy for the heavy vector-like fermions (see Figure 4b ) so the overall negative contribution to β λ from the Yukawa couplings is roughly the same as in the SM. Whilst our concrete numerical example is given just to illustrate the different possible ways to solve the instability problem, it is clear that there exits a range of parameters for which absolute vacuum stability can be maintained. A detailed analysis of the allowed parameter space is beyond the scope of this paper.
Conclusion
The observed mass of the Higgs particle, m h = 125 − 126 GeV, implies that, within the SM, the electroweak vacuum is metastable, and within the inflationary scenario it may even be unstable. This may be a hint for new physics beyond the SM, which maintains absolute stability of the vacuum state. In this paper we have discussed which modifications in the gauge, Higgs and Yukawa sectors at high energies can fulfil this role. In particular, we have concentrated on new physics related to the mechanism of neutrino mass generation. The Higgs vacuum stability problem cannot be solved within the simplest type-I seesaw model where only right-handed neutrinos are added to the SM. In the type-III seesaw model the vacuum can be stabilised but only for a light triplet of fermions, which contribute to the running of the Higgs quartic coupling indirectly, through the running of SU (2) L gauge coupling.
Then we have considered in detail two extensions of the SM the type-II seesaw model and the left-right symmetric model with the universal seesaw mechanism for all quarks and leptons. In the type-II seesaw model we have solved the two-loop RGEs for electroweak Higgs quartic coupling and other relevant couplings with tree-level threshold corrections properly incorporated. Threshold corrections turn out to be important for large triplet scalar masses m ∆ . We found that for a wide range of parameters one can obtain an absolutely stable vacuum (see, Figure 2 ).
In the left-right symmetric model, one typically employs a bi-doublet of scalar fields alongside the left and right doublets of scalars to generate masses for all the SM fermions. In the ALRSM, we have considered in this paper, only left and right doublets are introduced whilst the masses of ordinary quarks and leptons are generated by the universal seesaw mechanism via the tree-level exchange of additional heavy vector-like fermions. First, we have shown that the ALRSM is a consistent theory on its own, and nor extra scalars or an explicit violation of left-right symmetry is required, as was assumed in previous works. Interestingly, the ordinary electroweak symmetry of the SM is broken when quantum corrections are taken into account. We have demonstrated that the SM and ALRSM can be consistently matched at high-energy scales by computing explicitly the one-loop matching conditions. As a result, we found that modification of the β λ -function for the Higgs quartic coupling stems from modifications of the hypercharge gauge coupling, Yukawa couplings and scalar interaction couplings. These collectively drive β λ to be positive, and hence the Higgs quartic coupling to increase at high energies, making the Higgs vacuum absolutely stable (see, Figure 4) . 
